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James L. Baker 
Professor 
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Introduction 
With increased concentration of livestock numbers and operations into smaller geographic areas, 
particularly confinement animal feeding operations (CAFOS) for cattle and swine (and also poultry), 
there are concerns surrounding the impacts of animal agriculture on the quality of our natural resources. 
Storage and land application management practices of manure generated by these operations can affect air 
and water quality. Manure management plans written to provide nutrients at rates necessary for crop 
production can sometimes result in over application of phosphorus (P) when the rate of manure 
application is based on the nitrogen (N) needs of the crop/rotation. This is particularly true for continuous 
com and for com rotated with soybeans where the N needs of the com and soybeans are both met with 
manure applications. This over application of P leads to surface water quality and possible P leaching 
concerns. These concerns, how they are affected by P fate and transport, and how management practices 
affect P fate and transport, are the subjects of this paper. 
Phosphorus Concerns 
Phosphorus is one of the major nutrients for plant growth, both terrestrial and aquatic, and is taken up as 
phosphate-phosphorus (P04-P). In aquatic systems, particularly freshwater systems, P is often the, or one 
ofthe, limiting nutrients. Thus ifthe input ofP increases, the production of aquatic plants increases, 
usually to the deteriment of water quality. Overproduction of aquatic plants can cause aesthetic problems 
associated with their physical presence and/or associated with unpleasant taste and odor of the water. In 
addition, as excessive amounts of plant organic matter decompose, the amount of oxygen (02) dissolved 
in water may be decreased to levels detrimental to other aquatic organisms. Furthermore, at some P 
levels, nuisance growth of some noxious plants may be enhanced. 
The P criteria to control nuisance aquatic plant growth are currently being debated/developed. The 
USEPA has draft documents under review for both flowing (rivers and streams) and standing (lakes and 
reservoirs) waters. Studies have generally shown that aquatic plant problems develop in standing waters 
at P concentrations lower than those in flowing waters. However, in setting a criterion for flowing water, 
both the prevention of nuisance plant growth in the flowing water, as well as protection of the 
downstream receiving waters, needs to considered. Therefore in the past (Mackenthun, 1973), 100 llg 
P/L (which equals 0.100 mg/L or ppm) was set as the goal for flowing waters not discharging directly to 
lakes or reservoirs, with 50 llg PIL as the goal for flowing waters at a point where they entered a lake or 
reservoir, and with 25 llg P/L as the goal for the standing water of a lake or reservoir. 
In a more recent case study of algae and nutrient conditions in streams and rivers in the upper Midwest 
region during seasonal low-flow conditions, results from studies cited have suggested the criterion for P 
should be 75 llg/L (and 1.5 mg/L for N) to avoid adverse effects of stream euthrophication. However, 
these studies were mainly for streams with gravel or rock bottoms, and it is stated that relatively little is 
known about nutrient and algae productivity relations in low-gradient streams with unstable, sand, or silt 
bottoms. 
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As will be evident when data are presented in the next section on P concentrations in runoff from 
agricultural lands, if criteria in the range of those suggested either in the past or more recently are 
implemented, they will be hard to meet (even for runoff from unfertilized/unrnanured lands). 
Phosphorus Fate and Transport 
As shown in Figure 1, there are three modes oftransport ofP from agricultural lands with excess water. 
Two are over the surface when the rate of rainfall (or irrigation water) exceeds the infiltration capacity of 
the soil, resulting in surface runoff water and eroded soil (snowmelt can also generate runoff). Runoff 
water can carry dissolved P (as inorganic P04-P and dissolved organic-F), often termed DP; and eroded 
soil/sediment can carry inorganic and organic P adsorbed to or as part of the sediment, often termed 
particulate P, or PP. The third carrier is leaching water that can carry DP downward when the capacity of 
the soil to store water is exceeded and the excess water moves below the root zone. Some of this water 
may return to a surface water resource naturally by gravity though what is termed "base-flow," or may be 
"short-circuited" back to the surface through artificial subsurface drainage. 
Also illustrated in Figure 1 is the concept of the "mixing zone" which is a thin layer of soil at the soil 
surface that interacts with rainfall and runoff. It is this layer of soil from which DP is extracted into 
runoff water, and from which soil and associated PP is eroded. This layer of soil, or mixing zone, is very 
important because the concentrations ofDP in water and PP in sediment are related to its P content. 
Several studies (e.g., Sharpley et al., 1996) have been performed relating DP in surface-runoff water to 
the soil-test P level in the surface soil ofthe field or plot from which the runoff was generated (by either 
natural or simulated rainfall). Although there is some variability, the relationship is usually close to 
linear, with an intercept near zero, such that if the soil-test P level is doubled or tripled, DP is doubled or 
tripled (see Figure 2). However, the slope of the line is generally not constant soil to soil, being 
dependent on soil factors such as texture; pH; and organic matter, Ca, AI, and Fe contents. 
The amount ofPP or total-P (total of inorganic and organic forms), soil-test P, and/or "bioavailable-P" 
(defmed by several different tests) in eroded soil/sediment increases as the corresponding concentrations 
increase for the in-place soil. However, because soil erosion and sediment transport is a selective process, 
with finer and/or less dense particles being preferentially lost from the field, P concentrations in sediment 
are different from those in the in-place soil. And because finer particles have more surface area per unit 
mass, and lower density particles usually result from increased organic matter, the increased chemical 
activity associated with these two features causes P concentrations to be higher in sediment than in the 
soil from which the sediment is derived. The ratio ofP concentration in sediment, such as for PP, to that 
in soil, cone. sed/cone. soil termed the enrichment coefficient, is generally in the range of2 to 4. One ofthe 
reasons this coefficient spans a range is that rainfall amount and intensity varies storm to storm, changing 
the amount of erosion, and in tum, changing the size and density characteristics of the sediment. In 
general, the more severe the erosion, the more closely sediment properties match those of the soil, and the 
enrichment coefficient comes closer to unity. Conversely, the enrichment coefficient approaches its 
maximum for the lesser erosion events. The overall effect from this is that when erosion control practices 
are used, the percent reduction in P losses with sediment are not as great as the percent reduction in soil 
loss. 
One of the complicating factors in determining the water quality of surface runoff from agricultural land 
is the dynamic nature of the system both in the short-term during the rainfall-runoff event, and in the 
long-term in the times between events. As illustrated in Figure 1, the thin mixing zone at the soil surface 
is the source ofDP (and PP), and as DP is removed from this layer by water moving both over and down 
through the layer, the amount remaining and therefore the concentration in subsequent rainfall-
runoff/leaching waters decreases. The degree of this decrease is dependent in part on the ability of the 
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soil in this layer to release and replenish the DP in the water (which in turn depends on kinetic and 
source-amount factors) . This trend with time during a rainfall-runoff event is very evident in data for 
rainfall simulation studies where rainfall intensity is usually kept constant (e.g. , see Figure 3). 
In the longer term between rainfall-runoff events, the amount and "availability" ofP, to be released to 
water during an event, can change. Generally, if "fresh P" in the form of manure or fertilizer has been 
added to the soil, the amount available to be lost as DP in surface runoff water decreases with time as the 
amount and degree of interaction of the added P with the soil, often qualitatively termed "fixing" 
increases. In very long time intervals, crop uptake and/or release from crop residue and wetting and 
drying cycles can result in either increases or decreases in the amount and availability of P at the soil 
surface. 
With respect to P leaching, Iowa soils in areas where extremely excessive P rates have not been used have 
subsoils low in P and with a capacity to adsorb/fix considerable P. Leaching water from those soils, 
measured as subsurface drainage, usually have essentially no sediment (and therefore no PP; unless 
surface intakes are in the system) and DP concentrations< 50-100 Jlg/L. There is some concern that if 
excessive rates ofP are used that the subsoils could become "saturated" and that P leaching would be an 
issue. In a study done in England (Heckrath et al. , 1995), it was found that when the soil-test P (Olsen P) 
in the plow layer exceeded 60 ppm, DP concentrations in tile drainage water being collected at about 2-3 
feet began to increase dramatically with soil test levels. Below this "break point" of 60 ppm there was 
little influence of soil-test level on DP concentrations of about 100 to 150 Jlg/L. 
In terms of transport and losses, because DP concentrations in both surface runoff and leaching waters are 
usually less, and sometimes much less, than 500 Jlg/L, with 7 to 9 inches of total annual drainage, DP 
losses are less than 1 lb/ac. Concentration and loss data for corn, soybeans, pasture, and an agricultural 
watershed (Four-mile Creek) are given in Table 1 for an extensive monitoring project done in eastern 
Iowa in the late 70's. Transport ofPP with sediment can be much greater than for DP with water if the 
rate of erosion is significant. With P concentrations in sediment of roughly 1000 ppm (or 2 lb of P per 
ton of sediment) in the Four-mile Creek study, PP loss with sediment from cropped fields in the wet year 
of 1979 exceeded 50 lb/acre. Because of attentuation between the field border and the stream, due mostly 
to deposition, the amount of P lost with sediment from the whole watershed was lower at about 10 lb/acre 
in 1979. Also shown in Table 1 are concentrations ofDP averaged for 10 tile drains monitored about 
weekly each year. Although no flow measurements were made, it is estimated from stream flow that 
there was an average of 4 inches of subsurface drainage a year; combined with a DP concentration of 100 
Jlg/L, this would result in a loss of only 0.1 lb/ac per year. 
Management Practice Effects 
In addition to the major effects of weather/hydrology and of the chemical properties of the different forms 
of P that can be lost from a field, management practices used in producing crops are also very important 
in determining P concentrations and losses. Both P concentrations and losses are important to water 
quality concerns; concentrations because they affect aquatic plant growth, and losses because they affect 
concentrations downstream in receiving waters. P loss in terms of lb/ac is a product of concentration 
times carrier, where as discussed earlier, the carriers can be runoff water, sediment, and leaching water. 
Thus management practices chosen to reduce losses are expected to reduce concentrations and/or carriers. 
Practices that affect P concentrations include the rate, method, and timing of fertilizer and/or manure P 
applications. In one study on rate ofP fertilization on fallow soil (Romkens and Nelson, 1974), 50 lb 
P/ac resulted in concentrations in solution being 3.4 times those in solution in runoff water; when the rate 
of fertilization was doubled to 100 lb P/ac, the factor increased to 6.3 times, almost twice and in 
proportion to the Prate. Corresponding values for Pin sediment were 2.4 and 3.9 times, not quite as 
high. In a rainfall simulation study done in Iowa (Baker and Laflen, 1982), soluble P concentrations in 
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runoff water from plots receiving 25 lb P/ac one day earlier were 9.2 times those from similar plots 
receiving no fertilizer. 
The method of P application, in particular whether the fertilizer or manure is incorporated or not, affects P 
concentrations in the thin surface mixing zone, and thereby affects P concentrations and losses in surface 
runoff. In one study in Minnesota on P incorporation (Timmons et al. , 1973) soluble P concentrations in 
runoff from plots where fertilizer P had been disked-in were less than one-fourth those for plots receiving 
a surface application. Concentrations for plots where the fertilizer had been plowed-down were even 
lower, about one-eighth those for surface application and only slightly higher than for plots receiving no 
fertilizer. In a study done in Iowa using the point-injector fertilizer applicator (Baker and Laflen, 1982) 
soluble P concentrations in runoff generated with a rainfall simulator were about one-seventh those when 
the same amount of P was surface-applied and equal to those where P had not been applied. 
In terms of timing of P applications, it is expected that the longer duration between P application and a 
rainfall-runoff event, the lower concentrations, particularly for soluble P, asP has time to diffuse in the 
soil and become "fixed." Also any small rainstorms, not producing runoff, that occur before a runoff 
producing one helps to move P off from the surface and deeper into the soil where it is less likely to 
interact with rainfall and runoff. 
One of the major management practices that has potential to affect P concentrations and losses is 
conservation tillage. Because of the reduced erosion with increased residue cover (usually at least a 90% 
reduction with no-till), P losses with sediment are deceased with conservation tillage. Runoff volumes 
are also usually reduced, at least on an annual basis, with conservation tillage, but often soluble P losses 
are not reduced because concentrations are increased as much or more than the runoff volume is reduced. 
There are several reasons for this, probably the most important is that the degree of fertilizer and/or 
manure P incorporation is about equal to the degree of tillage or residue incorporation. In an Iowa rainfall 
simulation study comparing six tillage systems (Barisar et al. , 1978), soluble P losses were 3.2 to 6.2 
times greater for conservation tillage compared to a moldboard plow, with both soluble P concentrations 
in runoff water and available P concentrations in sediment increasing with% residue cover. However, 
because P losses were dominated by sediment transport, the soil loss reductions with the disk, no-till 
(ridge), and no-till (flat) tillage systems resulted in overall P loss reductions. This same effect of 
increased soluble P but decreased sediment P and overall losses has also been observed in other studies 
(e.g. , McDowell and McGregor, 1980 and Romkens et al. , 1973). In a similar vein relative to cropping, it 
was observed (Schuman et al. , 1973) that fertilized bromegrass relative to fertilized contour corn had 
twice the solution P loss, but one-ninth the sediment P loss and therefore only two-fift~ the overall P 
loss. 
In terms of field-to-stream transport, attenuation processes, particular in the way of sediment deposition, 
can reduce P transport. In the five-year study of intensively farmed fields and a watershed in Iowa 
discussed earlier (Johnson and Baker, 1982 and 1984), there was generally a three- to ten-fold reduction 
in sediment losses measured at the outlet of the 20 me watershed compared to two individual cropped 
fields (about 15 ac each) . While soluble P losses for the fields and the whole watershed were similar, 
averaging less that 0.5 lb P/ac, P losses with sediment were much higher (being as high as 50 lb P/ac from 
the cropped fields in a very wet year), and therefore total P losses for the watershed where usually less 
than half those for the fields because of sediment deposition between the field and stream. 
For this reason there has been considerable interest in the P control benefits from landscape features such 
as vegetated filter strips (VFS) and wetlands. VFS, because oftheir potential to trap sediment, have been 
shown to have the potential to significantly reduce P transported with sediment. However in general, 
unless the VFS also decreases the volume of runoff water, they do not decrease soluble Ploss. In fact, 
similar to conservation tillage, sometimes soluble P concentrations are greater in runoff after passing 
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through the VFS because ofthe dissolving ofP associated with the living and dead plant residue on 
and/or in the thin soil surface layer. Wetlands can also act asP traps for water and sediment flowing 
through them, although depending on the situation, a condition can be reached where the amount of P 
released to flowing water from the bottom sediment and plant residues equals that deposited with 
sediment and/or taken up by plants, at which point there is no net removal. 
Summary 
To a large degree, the amount ofP in Iowa rivers/streams and lakes/reservoirs results from overland 
transport with surface runoff water and eroded soil/sediment from agricultural lands . Concentrations of 
soluble and particulate P (DP and PP, respectively) are determined to a large degree by the "fertility" of 
the thin surface soil layer, termed the soil mixing zone. Fertilizer and manure P management in terms of 
rate, method, and timing of application strongly affect soil P concentrations in the mixing zone; and 
tillage and cropping management practices affect the volumes/masses of runoff water and sediment 
carriers at the field boundary. Vegetated filter strips and wetlands have some potential to reduce field-to-
stream P transport. Given criteria for P in flowing and standing waters, currently under development, it is 
hoped a system of in-field and off-site practices can be developed to meet them. However, in this process 
there must be clear evidence of the cause and effect of P levels above the criteria so that ecological and 
economic analyses can be performed that justify any corrective actions/regulations that are generated. 
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Table 1. Phosphorus and sediment in precipitation, surface runoff, subsurface drainage, and creek flow 
Year Amount P04-P Sediment 
mmi mg/L kg/ha1 mg/L kg/ha kg Plha2 
prectp . 1976 554 .054 .29 
77 828 .028 .23 
78 878 .063 .55 
79 1009 .035 .36 
80 744 .063 .47 
com 1976 51 .047 .02 10,210 5,387 5.4 
77 12 .819 .10 43,373 5,558 5.6 
78 47 .112 .05 5,173 2,488 2.4 
79 252 .096 .24 20,424 51,369 51.4 
80 120 .723 .86 9,245 11 ,061 11.1 
soybeans 1976 59 .029 .02 4,739 2,779 2.8 
77 1 .046 <.01 20,457 180 0.2 
78 46 .349 .16 1,869 867 0.9 
79 199 .120 .24 37,771 75 ,272 75 .3 
80 88 1.512 1.34 2,458 2,172 2.2 
pasture 1976 13 1.154 .15 305 40 <0.1 
77 9 .898 .08 312 27 <0.1 
78 6 1.051 .06 79 5 <0.1 
79 66 .787 .52 64 42 <0.1 
80 45 .930 .42 30 14 <0.1 
tile drainage 1976 0.69 
77 .116 
78 .102 
79 .090 
80 .082 
creek 1976 123 0.66 .08 1,274 1,564 1.6 
77 44 .114 .05 171 74 0.1 
78 197 .107 .2 1 509 1004 1.0 
79 445 .155 .69 1,712 7,612 7.6 
80 182 .141 .26 2,062 3,760 3.8 
125.4 mm = 1 inch; 1.12 kg/ha = llb/ac. 
2 Average P concentration in sediment was about 1000 ppm. 
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